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Abstract

The need for seismic retrofitting of bridges after severe earthquakes has become important in recent years.
This study examines the seismic evaluation of concrete bents of highway bridges designed and implemented
according to the 1990s regulations. Compared with the older codes, 1990s codes have more complex details
for connections which are evaluated by experimental and numerical methods in this research. Significant
improvement was observed in the behavior of the specimens designed with 1990s codes; however, this
improvement is not enough as strength degradation was also reported in the inner cycles of the hysteresis
curves. Therefore, seismic improvement was performed using performance levels. Results showed that in
the connection zone, the longitudinal bar slippage occurs and the performance of connection is weak. In
experimental phase, a specimen was constructed with external pre-stressing in a transverse direction for
retrofitting. The level of improvement in behavior was also evaluated using parameters such as energy
dissipation, performance levels and force-displacement curves.
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1 INTRODUCTION

Earthquake can cause severe damage in bridges which leads to many human casualties and financial losses. This
issue has led to a global effort by researchers to improve the seismic performance of the bridges (Zadeh and Saiidi,
2007) by updating the seismic design codes. This is mainly because bridges designed by the old seismic codes were
exposed to different types of damage in recent earthquakes in Japan, Turkey, United States, and Taiwan (Chen et al.,
2005). Therefore, it is proven that the bridges designed by the old codes would have an inappropriate seismic
performance in an earthquake. Different types of damage in a bridge under seismic loads can be categorized as follows:
superstructure movement, lap splice failure, column bent damage due to shear and flexure, joint failure, abutment
failure and unrecoverable damages that are due to insufficient lateral resistance, rapid strength degradation, and
formation of plastic hinge at unintended locations (Hsu and Fu, 2004; Abe and Shimamura, 2012; Han et al., 2013;
Kwon et al., 2011).
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Concrete bridge with separate bent and superstructure is one of the most common highway bridges. In terms of
design and technical specifications, several drawbacks are predictable such as flexural and shear weaknesses at bent
members of the bridges causing a lot of damage to these bridges under earthquake load (Priestley et al., 1996).
The existence of these defects in the design of column, cap beam and connection region have caused undesirable
failure mode for these types of bridges under seismic loads. Thus, numerous studies have been carried out in recent
years for estimating the type and extent of damage, determining the defects of column and connection region as well
as new methods for seismic retrofitting of frames (Sritharan et al., 1999; Lowes et al., 2004; Vosooghi and Saiidi, 2013;
Motaref et al., 2014; Javidan and Kim, 2019a; Noorsuhada et al., 2017).

According to numerical studies and initial calculations, Priestley et al. (1993) showed that the San Francisco
double-deck viaducts were not suitable for the desired seismic performance level. The columns, cap beams and
connection regions of the bridges do not show good performance when designed based on capacity-based design
method. In their study, a % scale experimental specimen, according to the status quo of the bridges, was subjected to
cyclic loading and they presented a new method for retrofit of bridges based on the results. Among the studies
conducted to investigate and identify the defects and problems of bridges constructed before the 1970s, experimental
studies of Sritharan et al. (2001) have been of great importance. In this study, the current seismic design was evaluated
by comparing some multi-column concrete bridges with the cap beam. A large number of existing bridges in the United
States, subjected to California's past earthquakes (San Fernando and Northwest Territories earthquakes) which faced a
lot of damages can be a justification for these studies.

Tehrani and Mitchell (2013) have conducted a study on seismic risk evaluation on 15 four-span bridges, designed
according to Canadian 2006 codes. The specimens with different columns heights and diameters were subjected to
incremental dynamic analysis (IDA). Some factors such as bar slippage, loss of concrete cover, buckling of bar and
collapse of the structure were predicted in their study. By comparing the results of this research, the defects and
problems of the old codes can be well understood. Recently, fragility analysis has been used on several multi-column
retrofitted bridges designed by the old seismic codes to estimate their vulnerability to seismic loads. This method
estimates the damage of bridges after an earthquake (Billah et al., 2012).

In this study, two 30%-scale concrete bents from a double-span bridge were designed based on the 1990s codes
(Caltrans, 1994) and New Zealand Standard (NZS) (NZS, 1995) and subjected to cyclic loading. While the first specimen
(specimen A) was based on built conditions, in the second specimen (specimen B) external transverse pre-stressing
stirrups were used on cap beams for rehabilitating of the specimen. The seismic behavior of the specimens was
evaluated, analyzed and compared with the similar specimens designed based on the 1980s codes that were previously
studied by Bahranietal. (2017). The study aims to determine if the details of the new codes (1990s codes) are
sufficient to improve the seismic behavior of the bridge or the need for retrofitting is still considerable. It is also of
great importance to evaluate the need for rehabilitating of connections and optimize this process.

Moreover, the study by Bahrani et al. (2017) showed that the actual behavior of a multi-column bridge and its
retrofitted specimen especially in connection regions under seismic loads could be predicted well with a numerical
approach. The effect of bar slippage under lateral loads was also considered with materials available for steel bars and
zero-length elements. This study aims to evaluate the seismic behavior of a bridge frame, designed based on the 1990s
codes, and compare the results with the same bridge designed by 80s codes.

2 COMPARISON OF SOME COMMON CODES IN DIFFERENT YEARS

Three codes of United State, New Zealand and Japan are presented in different years in Table 1 for better
evaluation of the type of damage and design of the connection region. These requirements include limitations in shear
stresses, requirements for connection reinforcement, confinement and number of bars (Naito et al., 2001).

Table 1: Common Different Codes for Connection Region.

Country Code Reference
United States ACI 352, ASCE-ACI Joint Committee (ACI 352, 1983)
United States California Department of Transportation, Bridge Design Specification (Caltrans, 1994)
United States Applied Technology Council Recommendation (ATC) (ATC, 1996)
New Zealand Standard 3101- Code Practice for the Design of Concrete Structures (NZS, 1982)
New Zealand Standard 3101- Code Practice for the Design of Concrete Structures (NZS, 1995)

Japan Architectural Institute of Japan — Structural Design Guidelines for Reinforced Concrete (AlJ, 1994)
Buildings
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2.1 Shear stress limitations

Some limitations are applied to the amount of stress at joint to make sure that beam-column connection can
withstand plastic hinge mechanism. A study in Japan showed that the shear strength of joint strongly depends on
compressive strength of concrete and on transverse bars in the hinge (Kitayama et al.,, 1991). Fig. 1 shows the
relationship between the allowable shear strength and the compressive strength of concrete in different codes.
Accordingly, the compressive strength of concrete is one of the important parameters for determining the shear
strength of the connection (Naito et al., 2001).

Allowable Joint Shear Strength

(MPa)

14 T

12 + PP

10 + T P

8 1 o T

6 m 2 /:‘f’/';‘:::: ______

7 g
a1 =
Y, - ‘f;;—/‘""
2 1 J
//"A‘“
0 ; i f f i i |
0 10 20 30 40 50 60 70
Compressive Concrete Strength (MPa)

——NZS-1985 ——-AC| 352 ------ Al) —-—-NZS-1995 —--—Caltrans

Figure 1: Shear stress limitations for interior joints by different Codes (Naito et al., 2001).

2.2 Requirements for design of connection reinforcement

The reinforcement in connection region is usually determined according to the connection demand level. Hence,
this level of demand is assigned by codes in two categories: first, the demand level that is due to shear in connection
region; and second, the demand level that is due to tensile force in tensile members in the connection region.
Therefore, the joint capacity depends on the strength of the bars and number of them in the connection region. The
approaches used by each code for obtaining the demand level are summarized in Table 2 (ACI 352, 1983; NZS, 1982;
NZS, 1995; Caltrans, 1994; AlJ, 1994; ATC, 1996).

Table 2: Joint Reinforcement Requirements.

Design Code

Requirements

NZS 3101 (1982)

ACI 352 (1983)

Caltrans (1994)

AlJ (1994)

NZS 3101 (1995)

ATC 32 (1996)

Joint reinforcements are needed for horizontal and vertical joint. Reinforcement positioned between the outer
layers of beam longitudinal bars. Column bars or additional vertical stirrups which are hooked into the section can
be counted as vertical reinforcement.

Column ties or spiral which are horizontal transverse reinforcement, are necessary for joint confinement and this
is not affiliated with joint shear.

Both horizontal and vertical transverse reinforcement are needed in location of the joint. Cap stirrups and
additional bars hooked around the longitudinal reinforcement should be comprised by vertical transverse
reinforcement. Horizontal reinforcement includes hairpins jointed into the beam in two or more layers with a
higher density outside the column core.

If a beam plastic hinge forms, horizontal transverse reinforcement is needed. Vertical transverse reinforcement is
necessary when there is a column plastic hinge. The amount of reinforcement depends on the shear force.
Transverse reinforcement is enough for one direction.

Based on the new information regarding the effect of concrete and steel strength to bond capacity in the joint
core, the amount of horizontal transverse reinforcement can be reduced. Joint reinforcement in one direction is a
function of the other direction.

The amount of column longitudinal reinforcement developed into the joint specifies the quantity of vertical
transverse reinforcement
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2.3 Investigation of confinement

By increasing the confinement of members at connection region, the reinforcement needed can be reduced.
Therefore, some codes have considered this reduction in number of bars due to the confinement at connection region.
Based on both NZS 3101 (1982) and NZS 3101 (1995) codes, it is possible to reduce the shear reinforcement of the
connection if the cap beam is elastic. The reduction in horizontal bars is also allowable in ACI 352 (1983) and AlJ (1994).
This reduction is allowable neither in the Caltrans (1994) nor in ATC 32 (1996) codes.

2.4 Reinforcement in the connection region

Table 3 shows the summary of the allowable reinforcements in different codes at the connection region. The
section dimensions are considered constant in all cases to have a better comparison. The requirements in these codes
vary considerably. For example, ACI 352 (1983), AlJ (1994), Caltrans (1994), and NZS (1995) consider the transvers
reinforcement from 0.2% to 0.5%. In ACI 352 (1983), it is recommended that column transverse reinforcement
continue through the joint; whereas in Japanese code (AlJ, 1994) it is mentioned that the transverse reinforcement
should be continued from the stronger member. The required reinforcement in both Caltrans (1994) and NZS (1995) is
similar and the moderate reinforcement for joint is about 0.3%.

Table 3. Connection Reinforcement Requirements (Naito et al., 2001)

. orizontal transverse orizontal transverse otal volumetric
Vertical transverse Hori I Hori : Total vol i
pecification X R reinforcement ratio reinforcement ratio transverse reinforcement
Specificati reinforcement ratio inf i inf i inf
(spiral) (straight bars) ratio
ACI 352 (1983) 0 0.203% 0 0.203%
AlJ (1994) 0.109% 0 0.108% 0.217%
Caltrans (1994) 0.129% 0.085% 0.125% 0.339%
NZS 3101 (1982) 0.316% 0.092% 0.125% 0.533%
NZS 3101 (1995) 0.102% 0.095% 0.125% 0.322%
ATC 32 (1996) 0.473% 2.500% 0.092% 3.065%

2.5 Plastic hinge

Connection demand is governed by the formation of plastic hinges in adjoining beams for designing the beam
column connection. Formation of the plastic hinge in beams of the bridge is either undesirable or unattainable.
For instance, in single-column bents, plastic hinges form only within the bottom of the column under lateral loading,
plastic hinges can be expanded along the beam in multi-column bridge bents with integral box girders. However, due to
the problem of limited access to the beam region for post-earthquake repair and inspection, this mechanism is
uneconomical. Development of a beam plastic mechanism in multi-column bridge bents supporting concrete or steel
girders can result in the overthrow of the girders deformation in the bridge deck. Due to the above-mentioned
problems and even the safety sides, plastic hinge formation is positioned in the columns where repair and inspection
are easily handled (Fakharifar et al., 2015).

For bridge systems, the superstructure relative weight is low and P-delta effects are usually not adequate to cause
progressive collapse (Shayanfar and Javidan, 2017; Javidan and Kim, 2019b, Mohajeri Nav et al., 2018). As deformability
of bridge column is always high, reinforcement detailing in common design methods is based on having hinges in
column directly below the cap beam or above footing. Based on NZS (1995) and AlJ (1994), levels of joint reinforcement
are relative to the member which plastic hinge forms whereas ACI 352 (1983) and Caltrans (1994) implicitly assume
that formation of plastic hinge occurs in the beam and column, respectively (Naito et al., 2001).

2.6 Shear in the connection zone

Due to the importance of connection shear force, the beam-column connection is of great importance in
reinforced concrete frame design (Hosseini et al., 2019a; Ahmadi et al.,, 2016; Javidan et al. 2018; Hosseini et al.,
2019b). Several cases of connection shear-failure of outrigger bent-knee joints occurred in the Loma Prieta earthquake.
One example of the cap beam flexural-shear failure can be seen in Fig. 2. This connection failure is accompanied by
diagonal crack propagating from the outside top corner of the joint. Diagonal shear cracks are developed
corresponding to both opening and closing connection moments. Many codes have considered requirements for
connection reinforcement to ensure satisfactory performance and safety under seismic loading.
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Another example of knee-connection shear failure, damaged in the Loma Prieta earthquake in Oakland California,
is shown in Fig. 3. This bridge was designed and constructed based on the 1980s codes with several undesirable
features. Connection reinforcement consisted of very light transverse spirals, which had the capacity to resist less than
10% of horizontal connection shear force (Priestley et al., 1996).

Figure 3: Knee-joint shear failure of connector damaged in the Loma Prieta earthquake (Priestley et al., 1996).
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3 SPECIMEN DESIGNED BASED ON 90s CODE

The specimen A is a representative of the design based on 90s codes. The most important difference between this
specimen and the one designed with 80s code is the increase of transverse reinforcement in connection region with no
differences in the number and diameter of longitudinal reinforcements. The issue of longitudinal reinforcement
anchorage in column at the connection region has been solved compared to the previous codes. However, it is
necessary to evaluate if the conditions for seismic behavior are sufficient or the need for seismic rehabilitating should
be further investigated. This study evaluates the seismic behavior of a bridge frame, designed based on the 1990s
codes, and compares the results with the same bridge designed by 80s codes as discussed by Bahrani et al. (2017). In
addition, another specimen (specimen B) as a retrofitted specimen was also evaluated in this study. In previous study
by Bahrani et al. (2017), the retrofitting was based on an external pre-stressing in two directions, whereas in this study
the retrofitting was in transverse direction with same external pre-stressing. In general, the differences of specimens
based on the 1980s and 90s codes are as follows:

The specimen which is designed based on the 90s codes is similar to 80s codes in terms of the physical geometry
conditions, cross-sections, dimensions and sizes. However, the stirrup spacing in column height was designed by the
AASHTO (2007) regulation for the regions of plastic hinge and extended to half of the longitudinal bar development
length in the connection region. However, this extension of the stirrups is not considered in 80s codes. These details
are often used by current design codes and are now more in use. In this study, the ratio of the longitudinal and
transverse reinforcements and the dimensions of the specimens have been considered and implemented based on
averaging of values of the similar common bridges (six bridges).

The scale of the experimental specimen was considered as 30% of average values of six present bridges.
Specification of materials was selected based on field studies and available test results. For concrete, the strength of
the standard cylindrical specimen was 24 MPa and compressive strength of the cap beam and column were 28.6 MPa
and 27.5 MPa, respectively. The details of the longitudinal and transverse reinforcements are presented in Table 4. A
general comparison between specimens designed by 80s codes, as stated by Bahrani et al., (2017), and 90s codes is
also shown in Table 5. As is seen, there are no differences between the two models in terms of type, size and strength
of reinforcement. The major difference is the spacing of transverse reinforcements, which is reducing this value
especially in the connection region, as presented in the 90s codes, causes better seismic behavior for bridge. Specimen
B that is also a retrofitted type of specimen A was strengthened by transverse pre-stressing in the external connection
region. Specimen A and B are shown in Figs. 4 and 5, respectively. For better understanding of the retrofitting in
specimen B, details of pre-stressing are also shown in Fig. 6.

Figure 4: Specimen designed based on 90s code (specimen A).

Latin American Journal of Solids and Structures, 2019, 16(8), €223 6/18



Seismic evaluation and partial retrofitting of concrete bridge bents with defect details Mohammad Kazem Bahrani et al.

Figure 6: Details of steel jacket for specimen B.

The external confinement strain can be calculated based on the equation proposed by Mander et al. (1988). The
direct effect of external stress on the bond stress of concrete and steel and the improvement of confinement is
considerable. However, this effect depends on the conditions of applying external stress and the measurement
method. Untrauer and Henry (1965) showed that the bond stress of concrete and steel is related to the root of external
stress. Hence, they proposed a relationship for the start of the bar slippage. In the absence of confining transverse

reinforcement, the external stress (fp) can be applied to the bar development length (la ). Therefore, with the

assumption of the contribution of the 50% lateral stress for the anchorage of the reinforcement, the following relation

is gained which fy and db are the yield stress and diameter of the bar, respectively.

0.54,f, =05ublf, — ndbzfy =p 7, f,
fo=dif, |,

(1)

df,

Jr=Taxasd,

=0.028f, (2)

It can be easily shown for bar development length equal to 25 times of the diameter of the longitudinal bar (
la :25db) and the friction coefficient equal toﬂ:1-4, the confining transverse stress becomes equal to

fp = 0.028fy . This value for steel with a yield stress of 400 MPA and the compressive strength of concrete
f.=24MPa is approximatelyfp = 0.48fc'and applying this level of transverse stress is relatively difficult.

Therefore, according to Priestley et al. (1996), by applying a base stress around fp = 0.05fc' a successful and

effective design can be gained. This design improves the problem of longitudinal reinforcement anchorage in the
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connection region. For specimen B, the same base axial stress (0.05f'c) was applied to the left connection and twice of
this value was used for the right connection.

Table 4: Mechanical Properties of the Transverse and Longitudinal Bars Used in Specimens.

Type of bar Yield stress Fy (MPa) Ultimate stress F; (MPa) Ultimate strain &, (%)
Longitudinal 503.4 671.3 12.92
Transverse 348.3 538.2 12.47

Table 5: Comparison of Specimen Details Based on 1980s and 90s codes.

Specimen designed by 90s  Specimen designed by 80s

code code
350 350 Cross section diameter (mm)
2500 2500 Free height (mm)
1200 1200 Spacing between columns(mm)
16T10 16T10 Longitudinal reinforcement
10 10 Diameter of bars (mm)
16 16 Number of bars
1.31 1.31 Percentage of bars (%)
T8@50 T8@60 Transverse reinforcement of hinge region .
spiral spiral Type Details of the column
8 8 Diameter (mm)
50 60 Spacing (mm)
0.29 0.24 Percentage (%)
T8@50 T8@60 Shear reinforcement
8 8 Diameter (mm)
50 60 Spacing (mm)
0.24 0.24 Percentage (%)
300 300 Section height (mm)
500 500 Section width (mm)
6T10 6T10 Upper reinforcement
10 10 Diameter (mm)
6 6 Number
0.31 0.31 Percentage (%)
4T10 4710 Lower reinforcement
10 10 Diameter (mm) Details of the header
4 4 Number
0.21 0.21 Percentage (%)
2T8@100 2.25T8@100 Transverse reinforcement
8 8 Diameter (mm)
100 100 Spacing (mm)
2 2.25 Number
0.20 0.23 Percentage (%)
T8@50 T8@150 Confining reinforcement
200 150 Length (mm)
8 8 Diameter (mm) Details of the
50 150 Spacing (mm) connection region
1.15 0.38 Percentage (%)
240 240 Bar development length of column
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4 TEST SETUP

The test setup and components used to install the experimental specimen and rigid floor are shown in Fig. 7. This
setup was based on the study of Bahrani et al., (2017) to have a good comparison between the results of this study and
the previous one. According to the lateral loading pattern, the zero moment region is located at the midpoint of the
column height. Hence, it is possible to assume simple joint in the middle of the column. Therefore, with modelling of
upper part of the concrete frame, the bottom end of the columns is considered as a hinge (Flores, 2004). The
connection of concrete columns to the base steel beams of the test frame was done with high-strength bolts to allow
rotation and to provide hinge boundary conditions. Gravity load was applied with the use of high-strength bolts
symmetrically placed on the sides of the test specimen, between the upper and lower steel beam. After placing the
specimen and placing the transverse beam on the elastomers and on the specimen, the gravity load was applied to the
concrete frame by tightening the side bolts.

HORIZONTAL ACTUATOR FOR LATERAL
REVERSAL LOAD (100 TON)

REACTION FRAME

i sl
|0 p—
T Eppamee 5

Figure 7: Details of the test setup.

During the experiment, the bolts strains were measured using strain gauges and elastomers stiffness was selected
so that the stress in the bolts during the lateral displacement of the concrete frame was negligible. The 500 KN axial
load was applied to the specimen through bolts. The lateral load on the real bridges was transferred to the concrete
frame by means of shear studs, located on cap-beam. A cyclic loading, with specified protocol ATC (1992) was applied
to the specimen up until the strength degradation and ultimate failure of the specimen.

5 FINITE ELEMENT MODELLING

The purpose of numerical modelling is to provide a fairly accurate evaluation of the damage and performance of
structures (Usefi et al., 2019; Liu et al., 2014). The study used a nonlinear macro method based on the definition of
fibre elements in OpenSees software due to the importance of hysteresis behavior of the concrete frame. The
proposed model in this study can predict the bar slippage at the connection region under cyclic loading. Many studies
have been carried out to evaluate the bond slip between steel and concrete to predict the force-slip deformation
relationship. These studies are based on strong experimental research to predict the backbone curve of force-slippage
in uniform and non-uniform bond stresses (Otani and Sozen, 1972; Morita and Kaku, 1984; Saatcioglu et al., 1992;
Sezen and Moehle, 2003). The weakness of these studies was the inability to predict bond slip in cyclic loads.
Therefore, many efforts have been made by researchers to predict the bond slip in RC members under cyclic loading
and some relationships were gained by pull out test (Hawkins et al., 1987; Pochanart and Harmon, 1989; Soroushian
and Choi, 1989). Bond stress between concrete and bar under cyclic loads, especially in the connection regions of the
column to cap beam, has been highly regarded by the researchers due to its effect on the seismic behavior of the
frame. Several studies have led to the development of relatively precise relationships such as the Zero length element
proposed by Zhao and Sritharan (2007) or the model for steel bars proposed by Dodd and Restrepo-Posada (1995), as
well as the combination of these two relationships to predict the retrofitted frame behavior (Bahrani et al., 2017). Both
above-mentioned proposed models were used in this study. The relationships of Priestley and Paulay (1992) were used
for applying the properties of confinement concrete in column core, too. In the retrofitted specimen, the retrofit design
was implemented by using transverse pre-stressed jackets in external connections. Their performance should be
simulated in the modelling to simulate these metal jackets in numerical modelling. Concrete01 material was used for
confined and unconfined concrete, and confined concrete stress was calculated based on existed relationships
available in the study of Bahrani et al. (2017). Equation 3 was used to calculate the confining strain in the retrofitted

! !
specimen model in which fw: is the compressive stress of confined concrete, fwand &, are compressive stress and
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strain of unconfined concrete and &, is the strain of unconfined concrete (Mander et al., 1988). &, is assumed to be

0.002 . Fig 8a. shows the simplified model of experimental specimens in OpenSees. As it can be seen in Fig 8b, the
bond slip effect is considered by a bond slip material in OpenSees.

Eee =0 X(1+5(f;:_1) (3)

co

/beam element
-~ - = Rigid beam Rigid i Rigid beam
L4-—rigid link element < member eled member 7
\zero length section
S
<+———column element Bt ratsrial _ ¢ zero length
< element
?
”;——bar element rrE——

a) Simplified model of specimen b) Modelling of bond slip in OpenSees

Figure 8: Numerical modelling schematic

6 RESULTS

6.1 Hysteresis curves

This section presents and compares the hysteresis behavior of the experimental specimens with the numerical
method. Concrete frames were subjected to cyclic loading up until the ultimate capacity of the bars and complete
failure of the concrete core were seen. Fig. 9 shows the experimental and numerical hysteresis behavior of the
specimens A and B.

Hysteresis curves of the specimens designed by older codes, show significant in-cycle and out-cycle strength
degradation and little plastic behavior by entering the nonlinear range (Bahrani et al., 2017). For determination of the
ductility, the behavior and performance of the specimen and damage progression pattern should also be considered. In
terms of energy absorption and damping, the hysteresis curve is thin and its energy absorption is negligible due to the
slip of longitudinal reinforcement. The hysteresis curve of the specimen A (Fig 9a) shows high and low in-cycle and out-
cycle strength degradation, respectively, by entering to the nonlinear range. This in-cycle strength degradation can be
attributed to the slippage of the bars. Due to the lack of formation of a desirable mechanism in the members, the
hysteresis curve is thin and does not have high energy-absorption. Fig. 9b shows the hysteresis curve of specimen B
with slight strength degradation. This specimen also has a lower pinching behavior, which indicates a decrease in the
bar slippage in the connection region compared to the other specimen. Improving the seismic behavior of the
specimen A and B compared with the specimens designed with older codes is clear from the results. In addition, the
specimen B showed better behavior compared to the specimen A. The envelope curves of the specimens are extracted
and illustrated on Fig. 10 for a better comparison between the results.
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Figure 9: Experimental and numerical hysteresis results of the specimens designed by 1990s codes. a) Specimen A b) Specimen B
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Figure 10: Envelope curve of the specimens.

6.2 Strength degradation process

The percentage of strength degradation is defined as the difference between loads resisted in the two cycles
divided by the load resisted in the first cycle of that pair of cycles for that displacement amplitude. Overall, specimen B
showed low-strength degradation. The strength degradation index to the relative displacement is shown in Fig 11.
Relative displacement is calculated by dividing the structural displacement on the ideal displacement. Up until the
relative displacement of 1, less than 2% of the strength degradation between the first and second cycles in particular
displacement amplitude was observed in specimens A and B as is seen in Fig. 11a. At this relative displacement,
strength degradation in the second and third cycles was neglected (less than 1%) based on Fig. 11b. For specimen A,
the first cracks appeared in relative displacement of 0.5 as flexural capillary cracks in cap beam, whereas the flexural
cracks in the specimen B appeared at a relative deformation of 0.7. The behavior of the specimens at this displacement
range only leads to the formation of capillary cracks on the concrete surface. For specimen A, the strength degradation
of cap beam was strongly influenced by loading in relative deformation of 1. For the specimen B and at relative
displacement of 1.5, the cracks caused by the bar confinement first appeared in the left connection and then in the
middle and right side connections, as seen in Fig. 11a.
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Figure 11: Experimental and numerical results of the strength degradation of all specimens

a) Between first and second cycles b) Between second and third cycles.

For specimen B, in relative displacement above 2.2, simultaneously with increasing the width of the columns
cracks, the concrete cold joint crack also began to progress in the connection region. However, in specimen A, before
the relative displacement of 1.3, the vertical cracks caused by bar slippage in connection region were appeared and
propagated up until the relative deformation of 2. The cracks increased at this stage up until they propagated all over
the section and concrete cold joint crack appeared at connection region. At this stage, due to moderate displacement,
the concrete cracks and the bar slippage increased.

There is a significant difference between the strength degradation in the second and third cycles at the relative
displacement ranges of 2 to 3 between the two specimens, as shown in Fig. 11b. The reason is the difference between
start of bar slippage and its value between the two specimens. In specimen A, the failure of the upper sides of side
columns increased after relative deformation of 3.5 and reached the maximum damage at the relative displacement of
4.1. In addition, concrete spalling at cap beam occurred at this relative displacement which is shown in Fig. 12. This
caused an increase in the slope of the strength degradation in relative displacement of 3.7 and upper due to the onset
of the concrete spalling in side columns.

Figure 12: Damage modes in specimen A, spalling of concrete in side cap beam and middle and right column and rotation of column
at relative displacement of 4.1.

Concrete spalling for specimen B occurred at the middle column in relative deformation of about 3 and at the top
of the left column and right column in relative displacement of 4. In addition, concrete spalling was observed in the left
column at relative deformation of 5.6. This concrete spalling in different relative deformations for the three columns of
specimen B increased the slope of the strength degradation from the relative deformation of 4, as is seen in Fig. 11b. In
specimen B, the bar slippage occurred after the concrete spalling, and decrease of bond slip and after the degradation
strength of 5%. In addition, in the same strength degradation, significant damage was observed in the right column of
specimen B and cracking progressed to the concrete core. Overall, the retrofitted specimen (specimen B) showed
better behavior compared to the specimen A and the plastic hinge formed well at the middle connection, which is seen
in Fig. 13. Moreover, in the right and left connections of the specimen B, where the steel angle with different
transverse stress was used, the behavior slightly improved.
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Figure 13: Damage modes of specimen B, Fracture of the longitudinal bars of the middle column, complete failure of plastic hinge,
bar slippage of the longitudinal bars of the external columns and failure in cap beam of the left connection at relative
displacement of 5.6.

The right connection of specimen B with more transverse stress, despite the bar slippage and the crack opening in
connection, entered the nonlinear range and flexure plastic hinge formed until the end of loading. The use of pre-
stressing caused a delay in damage of cap beam and formed a plastic hinge in the column of the specimen B. Based on
the observations made on specimen A, damage progressed in the middle column at the relative deformation of 5. In
this relative deformation, the plastic hinge and buckling of the longitudinal bars were observed and the longitudinal bar
of the middle column of specimen A fractured. However, no serious damage was observed and the desirable plastic
hinge was not formed in the two side columns in specimen A. In addition, the development of undesirable damage
such as bar slippage, the opening of the crack in the internal side of cap beam and concrete spalling was observed in
the cap beam of specimen A preventing the desirable energy absorption and dissipation. Each damages cause an
increase in strength degradation in concrete structures, not seen in specimen B based on Fig.14. In specimen A, slipping
of longitudinal bars of the columns also occurred especially in the right column, which resulted in an increase of 10% in
strength degradation compared to the specimen B. The results of the numerical model also show the improvement of
behavior for the retrofitted specimen.

Due to the improvement of the failure mechanism, the used external longitudinal pre-stressing, which is
economical and easy to use, can greatly guarantee the proper behavior of the bridge frame under the seismic loads. As
the level of damage in the middle connection is low, the strengthening of this region is not necessary.

Figure 14: Spalling of the external column cap beam at relative displacement of 5.3.
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6.3 Stiffness of the specimens

Primary stiffness is an important parameter in designing methods based on displacement and performance, used
in current regulations. The initial stiffness of system, K, is obtained by dividing the yield force (F,) into its related
displacement (A, ). The information presented in Table 6 was used for calculation of the initial stiffness of the system
for specimens.

The lateral and initial stiffness of the specimens with maximum ductility are shown in Fig. 15. As is seen in Fig. 15,
the initial stiffness is calculated somewhat more than the actual value due to the lack of consideration of the pre-
loading cracks. Due to the presence of steel angles on both sides of the connection regions of the specimen B, the
stiffness for this specimen is higher than that of specimen A. Moreover, the stiffness of the specimen B in the last cycle
remains almost constant that indicates that the concrete frame is failed in the last cycle. The lateral stiffness during
loading for specimen A, especially in the final cycles, is also greater than the previous non-retrofitted specimen
(Bahrani et al., 2017). The numerical model was also able to provide a good approximation of the stiffness of each
specimen and the results are presented beside the experimental results.

The sudden drop of curves in figure 15, showing the degradation of stiffness, is due to the use of rubber neoprene
bearings between the steel crossbeam and the top of cap beam. The rubber deformation related to cross beam
internal deflection was enough large thus the rubber bearing axial loads were approximately the same.

E
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=
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(%]
Q
e
&=
=
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< O t t t } : 1
e} 0 1 2 3 4 5 6
o
G] Displacement Ductility
— - =previous non-retrofitted model(Bahrani et al. 2017)
experimental A
— - - intial stiffness of previous non-retrofitted model(Bahrani et al. 2017)
--------- Initial Stiffness A
— —experimental B
----- analysis B
Figure 15: Specimen stiffness to the relative displacement.
Table 6: Mechanical Properties of the Specimens.
Specimen dy (mm) Fy (kN) Ko (kN/mm)
Previous non-retrofitted Specimen 17 151 8.8
Specimen A 20 175 8.8
Specimen B 21 198 9.4

6.4 Cumulative energy absorption

Fig. 16 shows energy absorption for the specified cycles, increase, and decrease in the energy absorption capacity.
Specimen A had modest energy absorption due to defects in design details and the lack of formation of complete
plastic hinge; whereas, specimen B had the best energy absorption. Increasing the energy absorption capacity of
specimen B improved compared to specimen A, especially in the last cycles. Due to the success in improving the non-
linear behavior of the specimen B, the behavior of the frame changed and its energy absorption increased. The
numerical results for specimen B also shows this absorbed energy, so one can conclude that in the 1990s codes, the
energy absorption has significantly improved. This improvement was about 140% and 233% for specimen A and B,
respectively, compared to the specimens of previous similar studies used for 1980s codes. In terms of the cumulative
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energy absorption, the values were 290 kN.m and 210 kN.m for specimen A and B, respectively, which shows
retrofitting leading to a growth of about 38% in energy absorption.
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Lateral Drift(%)

Cumulative Dissipated Energy{kN.m)

— - =previous non-retrofitted model(Bahrani et al. 2017)
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----- analysis B

Figure 16: Energy dissipation.

7 CONCLUSION

Two experimental specimens were subjected to cyclic loading for the evaluation of seismic behavior of a two span

concrete bridge frame with separate deck, which represents the bridges bent with the even number of spans. A
numerical model was used to validate the results using the OpenSsees software as well. According to the previous
studies, the need for an accurate evaluation of the frame's behavior is felt with respect to the improved design and
implementation details mentioned in 1990s codes compared to the previous ones. Hence, the specimens designed
based on newer codes as well as a retrofitted specimen with external pre-stressing were taken in to consideration. A
summary of the results of this study is listed in the following:

1.

Results showed that the specimen designed with 1990s codes had better seismic behavior compared to specimens
designed with older codes, the main reasons for which are the increase of transverse stirrups and the better
confinement of concrete in connection region. However, in some aspects, such as ductility, the need for
retrofitting is still felt. In addition, rehabilitating of all connections is not necessary for improving frame behavior.

The idea of retrofitting specimen for controlling damage in the connection region was successful and was effective
in improving the performance of the cap-beams and improving the overall performance of the frame. This
strengthening also increased the ductility, absorption and dissipation of energy.

Hysteresis curve of specimen A showed a high in-cycle and low out-cycle strength degradation by entering the
nonlinear range, whereas for specimen B, the strength degradation occurred with a gentle and desirable trend.
The behavior of the specimen B was improved by reducing the bar slippage.

In specimen A, plastic hinge did not form at the side columns, whereas in the specimen B, due to the retrofitting, a
proper pattern of failure was observed and the plastic hinges were formed in the columns and below the
connection regions at high drifts.

The predicted initial stiffness for specimen A and related specimen in the previous study were similar, whereas the
lateral stiffness during the test especially in the final cycles was much higher for specimen A. For specimen B, an
increase in yield force and lateral stiffness was observed in the experiment that is consistent with the numerical
model results.
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6. The value of energy dissipation in the specimen B increased by 38% compared to specimen A. The energy
dissipation in the specimen A, designed based on the 1990s codes, was significantly higher (about 140%) than the
same specimen designed by 1980s codes in previous study.

7. The external longitudinal pre-stressing is economical and guarantees the suitable behavior of the concrete bents
of bridges.
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